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�
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O
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B
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–
W

hat:
Io

plasm
a

torus.
Io

is
the

m
ost

volcanic
body

in
the

solar
system

.
K

icks
off

stuff
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is
sw

eptup
in

Jupiter’s
m

agnetic
field.

–
W
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around

Jupiter
roughly

atIo’s
orbitalradius

–
W

hen:
w

e
lim

it
observations

to
a �

�
m

onth
period

every
13

m
onths

(w
e

get
2–8

w
eeks
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observing

tim
e

a
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–
W

hy:
U
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(in

solar
system

)
source
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plasm

a
w

ithin
a
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plasm

a
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a
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atm
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there”

–
H

ow
:

M
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solar
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puter

tim
e
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�
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–
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tracks
m
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a
torus

density
(O
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etal.2001)

–
Io
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I]

em
ission

tracks
other

torus
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(O

liversen
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–

A
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reduction

of
14

years
w
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of

ground-based
data

is
hard

butnotim
possible.
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Io:
the

m
oldy

pizza

Fig.
1.—

M
ercury

com
pared

to
7

large
m

oons
of

the
Solar

System
(K

aufm
ann

&
Freedm

an
1999).

�

O
ne

of
the

big
7

m
oons

in
the

solar
system

�

A
boutthe

sam
e

size
as

E
arth’s
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oon

�

T
he

m
ostvolcanic

body
in

the
solar

system



–
4

–

V
olcanism

on
Io

Fig.
2.—

E
vidence

for
volcanism

on
Io

(http://galileo.jpl.nasa.gov/im
ages/io/ioim

ages.htm
l).

�

C
aused

by
tidal

forces
betw

een
Io

and
Jupiter

w
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are
m

aintained
by

orbital
resonances

w
ith

E
uropa

and
G

anym
ede

(� �

and� �

period
of

Io)

�

M
aterialreleased

=
SO� ,SO

�

D
irectly

or
indirectly

the
prim

ary
source

of
Io’s

atm
osphere

�

O
ther

atm
ospheric

constituents:
S� ,S,O

,N
a,K

,C
l,[N

aC
l],H
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Io
Im

m
ersed

in
the

Jovian
M

agnetosphere
�

Jupiter’s
m

agnetic
field

–
tilted

by
10 �

w
ith

respectto
rotation

axis

–
offsetfrom

center
of

rotation
by

0.13
R	

–
nota

sim
ple

dipole

–
rotates

every
9.925

hours

�

Ions
bound

longitudinally
to

field
lines

butfree
to

m
ove

in
latitude

�

C
entrifugaland

m
agnetic

forces
balance

so
torus

tiltis
7 �

�

Flow
of

m
aterialdow

n
m

agnetotailinduces
east-w

estelectric
field

�

V
arious

torus
structures:

–
cold

inner
torus:

inw
ard

diffusion

–
ribbon

near
Io’s

orbit:
highestdensity

–
w

arm
outer

torus:
T


=
5

eV
w

ith
long,hottail

�

Io
orbits

every
42.5

hours;ions
w

hip
around

and
hitthe

other
side

of
Io

at57��

��
�

�

Plasm
a

interaction
w

ith
Io

(and
other

m
oons)

is
prim

ary
atm

ospheric
loss

m
echanism

�

In
the

fram
e

of
reference

of
the

torus,
Io

m
oves�� ���

��
vertically

and

�� ���
��

radially
through

these
structures
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Fig.
3.—

V
isualization

of
Jovian

m
agnetic

field
show

ing
Io

flux
tube,N

a
cloud,S

IItorus
(http://w

w
w

.low
ell.edu/users/spencer/digipics.htm

l).
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N
arrow

-band
Im

ages
of

the
Torus

Fig.
4.—

N
arrow

-band
im

ages
of

S
II

6731
Å

(top
left)

and
N

a
5890

Å
(bottom

left)
in

the
Jovian

system
(C

ourtesy
N

.
M

.
Schneider

&
J.

T.
T

rauger).
R

ight:
Portable

Io
T

orus
T

oolbox
(PIT

T
)

m
odel

of
S

II
6731

Å
(C

ourtesy
R

.C
.W

oodw
ard).
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F
igure 7

Fig.
5.—

Io’s
position

in
the

rest
fram

e
of

the
plasm

a
torus

at
eastern

and
w

estern
elongation

(O
liversen

et
al.

2001,fig.
7).

C
outours

indicate
electron

density
based

on
V

oyager
data

(B
agenal1994).
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Io/plasm
a

interactions

A
llkinds

of
interesting

dynam
ics

having
to

do
w

ith
a

conducting
obstacle

in
a

plasm
a

flow

�

Pile-up
(no

bow
shock)

�

Induced
currentfrom

collisions
in

ionosphere
(����

A
)

�

A
tm

ospheric
ablation

�

M
ass

loading

�

W
ake

�

C
harge

exchange
resulting

in
w

eird
jets

(http://ganesh.colorado.edu/ �

ray/anim
torus/torus.cgi?sam

ple
text=

75)

�

Flux
tube

�

O
ther

things

�

E
lectron

collisionalexcitation
of

atm
ospheric

species,e.g.O
xygen
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0
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E
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S
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E
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A

nti−
Jovian

Lim
b G

low

E
xtended C

orona

Fig.
6.—

ST
IS

O
I]

1356
Å

im
age

of
Io

ateastern
elongation

(R
etherford

etal.2000;R
etherford

2002).
O

range
circle

is
O

I]
1359

Å
em

ission
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G
round-based

observations
of

[O
I]

6300
Å

�

D
etected

in
1990

(Scherb
&

Sm
yth

1993)

�

M
cM

ath-Pierce
solar

telescope,stellar
spectrograph

�

1.5
m

telescope,���
�� ��

m

�

U
nocculted

beam
(no

diffraction
spikes)

�

W
orks

bestin
the

ecliptic

�

B
eam

focused
onto

a
B

ow
en-W

alraven
im

age
slicer

w
ith

a
5 ��

.2 �

5 ��

.2
FO

V

�

E
chelle

spectrograph

– ! "
# �
�

–
lines

=
20,100

per
inch

–�

=
120,000

at6300
Å

(50
m

illiÅ
,2.5 ��


 �
�)

–
T

I
C

C
D

sim
ilar

to
H

ST
W

FPC
I

(i.e.old,slow
readout)

–
Tem

peram
ental,hard

to
repeatalignm

entprocedures
(w

orking
on

that)

–
A

vailable
atnightnearly

continuously
(share

w
ith

one
other

user)

–
N

o
adultsupervision
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Fig.
7.—

M
cM

ath-Pierce
Solar

telescope.
Figures

courtesy
of

N
O

A
O

/A
U

R
A

/N
SF.
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Fig.
8.—

M
cM

ath-Pierce
solar

telescope
facility

Stellar
Spectrograph

(SSG
).
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Fig.
9.—

Processed
Io

[O
I]

6300
Å

spectral
im

age
recorded

2002
Jan

26
by

the
stellar

spectrograph
at

the
M

cM
ath-Pierce

solar
telescope

facility
(upper).

Spectralextractions
are

show
n

below
in

the
dispersion

(m
iddle)

and
cross

dispersion
(low

er)
directions.

Seeing
this

nightw
as �

$ ��

.



–
15

–

Fig.10.—
U

nusualspectrum
recorded

1997
O

ct14.C
C

D
is

binned
in

the
Y

direction
–

thatis
notw

hatis
unusual

aboutthis
spectrum

.
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L
ather,R

inse,R
epeat

�

O
ver

3400
spectra

recorded
since

1990

�

O
ver

13,000
calibration

(bias,flat,com
p,etc.)

im
ages

�

O
liversen

etal.(2001)
reporton

hand
reduction

of �

1000
spectra

�

N
otinterested

in
spending

m
y

N
R

C
fellow

ship
hand

reducing
2400

spectra

–
U

nacceptable
for

Planetary
D

ata
System

(PD
S)

subm
issions

�

D
eveloped

autom
ated

data
reduction

and
spectralfitting

softw
are

using
basic

artificialintelligence
techniques

–
R

obustalgorithm
s

process
the

data
one

tim
e

through

–
R

esults
stored

in
an

ID
L

astro-utilZ
D

B
A

SE

–
A

nalysis
program

s
find

patterns
(e.g.

fitpolynom
ials

to
param

eters
thatvary

slow
ly

w
ith

tim
e)

–
D

ata
are

corrected
or

re-reduced
using

globaltrends

�

A
utom

atically
extracted

allspectra
in

6
days

of
com

puter
tim

e
(com

pleted
2003

June
26)

�

W
ithin

a
few

w
eeks

of
com

pleting
first

version
of

autom
ated

fitting
softw

are
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A
utom

ated
F

itting
Softw

are
�

Param
eterized

Function
O

bject(PFO
)

–
O

bjectoriented
non-linear

least-squares
curve

fitting
routine

–
A

llow
s

fitting
function

to
be

easily
m

odified
atruntim

e

–
W

ritten
in

ID
L

(Interactive
D

ata
L

anguage,v
5+

)

–
B

ased
on

astro-utilpackage
M

PFIT

�

L
ine

C
atalogs

(L
C

)

–
R

ead,sortand
m

erge
line

lists
from

state-of-the-artsolar(M
oore

etal.1966;Pierce
&

B
rekenridge

1973;
A

llende
Prieto

&
G

arcia
L

opez
1998)and

atm
ospheric

(e.g.H
IT

R
A

N
;R

othm
an

etal.2003)line
catalogs

�

Solar
System

O
bjects

(SSO
)

–
B

uilds
m

odels
to

be
passed

to
PFO

(interfaces
L

C
to

PFO
)

–
H

andles
m

ulti-reflection,m
ultiple

D
oppler

shifts

–
G

otF
raunhofer?

�

Softw
are

w
orks

together
to

allow
a

physically
realistic

m
odel

of
the

entire
target/atm

osphere/instrum
ent

system

–
Free

param
eters

are:
dispersion

relation,
solar

and
Io

D
oppler

shifts,
continuum

flux,
line

equivalent
w

idths
and

line
w

idths
(V

oigtprofiles
are

used
for

strong
lines)
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Fig.
11.—

SSO
fit

to
“unusual

spectrum
”

recorded
1997

O
ct

14.
27

lines
w

ere
used

in
the

fit
(22

Fraunhofer).
M

inim
um

equivalentw
idth

E
W

=
0.5

m
Å

,Io
E

W
= ����

� ��

m
Å

.% ��
�� �

w
ith

104
degrees

of
freedom

.
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Fig.
12.—

N
arrow

er
spectralrange

view
of

fig.11.
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Fig.
13.—

C
om

parison
betw

een
Io

[O
I]

intensities
fit

by
hand

and
an

early
version

of
the

autom
atic

fitting
softw

are.
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Fig.
14.—

C
om

parison
betw

een
Io

[O
I]

intensities
fit

by
hand

and
the

current
version

of
the

autom
atic

fitting
softw

are.
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Fig.
15.—

Io
[O

I]
fitD

oppler
velocity

vs.
Io

geocentric
ephem

eris
velocity

(O
liversen

etal.2001,fig.
2).
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L
ink

betw
een

plasm
a

and

&
')(*
+ em

ission
�

Plasm
a

torus
tilted

7 �

relative
to

Io’s
orbit

�

Torus
rotates

faster
than

Io
orbits

(57��

 �
�atIo)

�

E
ven

if
torus

w
as

a
sim

ple
doughnut,

plasm
a

conditions
at

Io
should

correlate
w

ith
Io’s

m
agnetic

longitude
(system

III)

�

O
liversen

etal.(2001)
show

this
correlation

based
on

1000
m

easurem
ents

recorded
over

10
years

�

D
etailed

(but
static)

m
odel

of
the

plasm
a

torus
can

track
the

data
w

ellin
som

e
cases

(O
liversen

et
al.2001,

figs.10–11)

�

[O
I]

em
ission

seem
s

to
be

an
effective

in
situ

proxy
for

torus
plasm

a
density
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Fig.16.—
M

easured
Io

[O
I]

intensities
over

a
10-year

period
as

a
function

of
Jovian

m
agnetic

longitude
(system

III)
(O

liversen
etal.2001,fig.4).

Solid
line

is
average

over
10 �

bins.
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(c)  O
ctober 1, 1998

[O I]  6300 Å  Brightness (kR)

(d)  O
ctober 8, 1998

Io S
ystem

 III Longitude (deg)

[O I]  6300 Å  Brightness (kR)




[O I]  6300 Å  Brightness (kR)

O
bservation

M
odel(9 x 10

14 cm
-2)

M
odel (9 x 10

14 cm
-2)

M
odel(9 x 10

14 cm
-2)

M
odel(9 x 10

14 cm
-2)

(a)  O
ctober 10, 1998

W
E

S
T

  O
F

  JU
P

IT
E

R

[O I]  6300 Å  Brightness (kR)

(b)  O
ctober 5, 1998

F
igure 10

[O I]  6300 Å  Brightness (kR)

(c)  O
ctober 9, 1998

Io S
ystem

 III Longitude (deg)

[O I]  6300 Å  Brightness (kR)

(b)  O
ctober 7, 1998

[O I]  6300 Å  Brightness (kR)

M
odel (1.5 x 10

15 cm
-2)

M
odel (9 x 10

14 cm
-2)

O
bservation

M
odel (9 x 10

14 cm
-2)

(a)  O
ctober 6, 1998

E
A

S
T

  O
F

  JU
P

IT
E

R


 F
igure 11

Fig.
17.—

M
easured

and
m

odeled
[O

I]
6300

Å
em

ission
from

Io
(O

liversen
etal.2001,figs.10–11).
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C
orrelating

M
ultiple

D
atasets

�

O
ur

“unusualday,”
1997

O
ct14

happens
to

be
during

an
H

ST
/ST

IS
observation

(R
oesler

etal.1999)

�

ST
IS

sees
neutraland

ion
em

issions
increase

�

Sim
ultaneous

[S
II]

6731
Å

im
ages

of
the

torus
are

generally
included

in
the

[O
I]

observing
cam

paigns
(e.g.

W
oodw

ard
etal.2000)

�

Persistent,
or

at
least

repeating
azim

uthal
asym

m
etry

is
seen

in
the

[S
II]

6731
Å

torus
at

this
system

III
longitude

during
this

tim
e

period
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Fig.
18.—

Sum
of

raw
ST

IS
data

1997
O

ct14
(R

oesler
etal.1999,fig.

1).
E

xtended
em

ission
from

the
torus

is
seen

in
the

ion
lines.
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Fig.
19.—

S
II

1256
Å

profiles
on

1997
O

ct14
for

each
of

the
ST

IS
G

140L
im

ages.
T

he
edges

of
the

disk
of

Io
are

show
n

as
dotted

lines.
PIT

T
m

odel
of

torus
em

ission
is

show
n

(dashed
lines)

and
scaled

and
offset

to
m

atch
data

(solid
lines).
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Fig.
20.—

S
II1256

Å
profiles

on
1998

A
ug

23.
C

om
pare

to
fig.19.
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(c)

Fig.
21.—

C
om

parison
of

Io
atm

ospheric
em

issions
for

neutral
(top)

and
ion

(bottom
)

ultraviolet
em

ission
lines

from
H

ST
/ST

IS
and

the
[O

I]
6300

Å
em

ission
line

(m
iddle).

T
he

U
V

ion
results

depend
on

the
subtraction

of
the

background
torus.

Peak
in

flux
occurs

before
peak

calculated
by

m
odel.
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Io S
ystem

 III Longitude (deg)

O
ctober 14, 1997  (W

est)

OI  6300 Å  Brightness (kR)

O
bservation

M
odel (2 x 10

15 cm
-2)

HST/STIS

HST/STIS

HST/STIS

Fig.
22.—

M
odel

Io
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Å
torus

is
seen

in
the

1997
Sept–O

ct
tim

efram
e

(W
oodw

ard
et

al.
2000).

[S
II]

im
ages

from
1999

(lastpanel)
and

other
authors

(e.g.
fig.4)

do
notalw

ays
show

asym
m

etries.



–
33

–

D
o

w
e

have
a

believable
“sm

oking
gun?”

�

M
aybe

�

A
zim

uthal
enhancem

ent
in

the
plasm

a
torus

that
seem

s
to

persist
over

at
least

a
several

w
eek

tim
e

period
around

1997
O

ct14

�

E
nhancem

entin
plasm

a
torus

seen
in

ST
IS

data

�

Io
brightens

in
neutralU

V
and

opticallines
on

1997
O

ct14

�

Io
brightens

in
U

V
ion

lines
(m

odeldependent)

W
hat

does
it

m
ean?

�

G
round-based

[O
I]

6300
Å
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Å

;
second

revision
of

R
ow

land’s
Prelim

inary
table

of
solar

spectrum
w

avelengths
(W

ashington,D
C

:N
IST

),1966.

M
orgenthaler,

J.
P.,

B
achelor’s

thesis,
T

he
Study

of
X

-ray
C

C
D

Soft
X

-ray
Q

uantum
E

fficiency,
M

assachusetts
Institute

of
Technology,1990.

M
orgenthaler,J.P.,Ph.D

.thesis,T
he

Study
ofthe

D
iffuse

X
-ray

B
ackground

betw
een

150
eV

and
280

eV
w

ith
the

D
iffuse

X
-ray

Spectrom
eter

(D
X

S),U
niversity

of
W

isconsin–M
adison,1998.



–
36

–

M
orgenthaler,J.P.,H

arris,W
.M

.,Scherb,F.,A
nderson,C

.M
.,O

liversen,R
.J.,D

oane,N
.E

.,C
om

bi,M
.R

.,M
ar-

coni,M
.L

.,&
Sm

yth,W
.H

.,L
arge

A
perture

[O
I]6300

Å
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Å

E
m

ission
N

ear
Io,J.G

eophys.R
es.,V

ol.98,p.18729,
1993.

W
oodw

ard,
R

.
C

.,
O

liversen,
R

.
J.,

Scherb,
F.,

&
R

oesler,
F.

L
.,

Synoptic
Im

aging
of

the
Io

P
lasm

a
Torus

in
[S

II]6731
Å
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